Background Nephrogenic systemic fi brosis (NSF) is a systemic fi brotic disorder occurring in some patients with renal insuffi ciency after exposure to gadolinium-based contrast agents (GdBCA). Objectives To examine cultured NSF dermal fi broblast production and expression of collagens I and III, fi bronectin, hyaluronic acid and α-smooth muscle actin (α-SMA) during serial passages and the effects of two GdBCA on collagen gene expression and production by normal dermal fi broblasts. Methods NSF fi broblasts were analysed for expression and production of types I and III collagen, fi bronectin, hyaluronic acid and α-SMA. Collagen, type I, α1 (COL1A1) promoter transcription was examined in transient transfections. Nuclear extracts were assayed for binding activity of 108 transcription factors, and specifi c transcription factor binding was examined by electrophoretic gel mobility assays. Normal fi broblasts were cultured with GdBCA, and collagen expression assessed by real-time PCR and western blots. Results NSF fi broblasts displayed a marked increase in collagens I and III, fi bronectin and hyaluronic acid production, which was maintained for 9-11 subpassages in vitro. NSF fi broblasts also showed a marked increase in α-SMA expression, twofold higher transcriptional activity of the COL1A1 promoter and increased cREL binding in nuclear extracts compared with normal fi broblasts. GdBCA induced a dose-dependent stimulation of COL1A1 expression and production of type I collagen in normal fi broblasts. Conclusions Fibroblasts from patients with NSF displayed a markedly profi brotic phenotype, which was maintained for several passages in culture. Elevated COL1A1 expression was mediated by transcriptional activation of its promoter associated with increased cREL binding activity. GdBCA stimulated cultured normal fi broblasts to produce increased amounts of collagen.
INTRODUCTION
Nephrogenic systemic fi brosis (NSF) is a serious systemic fi brosing disease occurring in patients with renal insuffi ciency. 1 2 Typically, patients manifest intense cutaneous induration and fi brosis in feet, legs, thighs, hands and forearms, frequently preceded by swelling and pruritus and burning sensation. The skin often displays puckering, dimpling and deep furrowing. Musculoskeletal symptoms affecting multiple joints often occur and lead to disabling joint fl exion contractures, thickening of tendons and woody induration of affected muscles. [3] [4] [5] [6] [7] Skin histopathology demonstrates Persistent activation of dermal fi broblasts from patients with gadolinium-associated nephrogenic systemic fi brosis marked dermal and subdermal fi brosis, mucin deposition and proliferation of elongated, spindleshaped fi broblasts. 1 2 NSF-affected tissues also exhibit accumulation of macrophages and activated fi broblasts, and markedly increased expression of transforming growth factor β (TGFβ). 6 Although the disorder was initially believed to solely affect the skin, NSF can involve the liver, lungs, muscles, heart, thyroid and even the dura mater. [6] [7] [8] [9] [10] Numerous risk factors have been associated with the development of NSF in addition to renal failure 2 11 ; however, following a report describing that NSF became clinically apparent shortly after the administration of gadolinium-based contrast agents (GdBCA), 12 numerous reports confi rmed this association. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Furthermore, deposition of gadolinium (Gd) in NSF skin and other tissues has been demonstrated. 10 23-26 However, the mechanisms responsible for the remarkable fi brotic process remain unknown and only a few studies have examined the molecular and biochemical abnormalities in fi broblasts or tissues from patients with NSF. Here, we describe profound phenotypic and gene expression alterations in dermal fi broblasts cultured from affected skin from patients with GdBCA-associated NSF and examine the molecular mechanisms responsible for the exaggerated fi brotic response that is ultimately responsible for the clinical features of the disease. We also examined GdBCA induction of a profi brotic phenotype in normal fi broblasts.
METHODS

Cell culture
Dermal fi broblasts were obtained from full-depth surgical skin biopsy specimens from three previously reported 6 7 patients with NSF. These patients had been exposed to GdBCA shortly before the development of skin induration; however, the medical records available to us did not document which GdBCA or doses the patients received since these patients were evaluated before publication of the fi rst report suggesting a role of GdBCA in the pathogenesis of NSF. Normal fi broblasts were obtained from the Thomas Jefferson University Scleroderma Center Tissue Bank. Normal and NSF fi broblasts were cultured at 37°C in a 5% CO 2 humidifi ed atmosphere in Dulbecco's modifi ed Eagle's medium supplemented with 10% fetal bovine serum, antibiotics, 50 mM HEPES and glutamine until confl uent as described previously. 27 28 For studies of collagen production and gene expression, cells were supplemented for 24 h with 40 μg/ml L-ascorbic acid phosphate magnesium salt n-hydrate (Waco Biochemical, Osaka, Japan).
Effects of gadolinium compounds on normal fi broblasts
Gd-Diethylenetriaminepenta-acetate (Gd-DTPA) was purchased from Sigma-Aldrich (St Louis, Missouri, USA) and was dissolved in sterile saline. Omniscan (provided by GE Healthcare, Chalfont St. Giles, UK) was supplied as a sterile, clear aqueous solution. The Omniscan preparation contained 287 mg/ml (500 mM) of gadodiamide plus 12 mg/ml of caldiamide sodium in water. Three normal dermal fi broblasts cell lines were seeded in six-well plates until confl uence. After preincubation for 24 h with 40 μg/ml of ascorbic acid, cells were treated with 0, 5, 10, 25 and 50 mM of Gd-DTPA or Omniscan for 24 h. In control experiments the effects of caldiamide alone were also examined. Media were harvested and saved at −20°C until use.
Persistence of phenotype during serial subculturing
Primary cultures of NSF fi broblasts (three strains) and normal fi broblasts (two strains) were subcultured for several passages. The culture conditions were exactly as described above. Fibroblast cultures were harvested and analysed for their patterns of gene expression at passages 4-6 and 9-11. The pattern of expression of collagen type I and α-smooth muscle actin (α-SMA) was analysed in confl uent cultures (passage 4) of dermal fi broblasts cultured from clinically affected (lower thigh) and non-affected (upper thigh) NSF skin.
Western blots
Culture media were removed and equal-volume aliquots were boiled in sodium dodecyl sulphate 1% β-mercaptoethanol for 5 min, loaded into 8% Tris-glycine polyacrylamide gels (Invitrogen, Carlsbad, California, USA) and electrophoresed. The separated proteins were transferred to nitrocellulose membranes (Bio-Rad, Hercules, California, USA), and the membranes incubated in 5% non-fat dry milk/Tris-buffered saline with Tween (TBST) for 1 h. The membranes were incubated with rabbit polyclonal anticollagen type I antibodies (from A Fertala, Thomas Jefferson University or from Southern Biotechnologies, Birmingham, Alabama, USA), a polyclonal anti-collagen type III antibody (Rockland, Gilbertsville, Pennsylvania, USA) or a mouse monoclonal anti-fi bronectin antibody (Santa Cruz Biotechnology, Santa Cruz, California, USA) in 3% non-fat dry milk/TBST at 4ºC overnight. After TBST washes the membranes were incubated for 1.5 h with horseradish peroxidase-conjugated anti-rabbit IgG (Amersham Biosciences, Piscataway, New Jersey, USA). The immunoreactive bands were visualised by electrochemiluminescence (Thermo Scientifi c, Rockford, Illinois, USA).
Northern hybridisations
Fibroblasts were grown to confl uency and total RNA isolated employing the RNeasy mini-kit (Qiagen, Valencia, California, USA). Aliquots of total RNA (5-10 μg/well) were electrophoresed on 1.0% formaldehyde agarose gels. The RNA was then transferred to Hybond N+ membranes (Amersham Biosciences) and the fi lters hybridised to 32 P-radiolabelled human cDNA for either collagen, type I, α1 (COL1A1) COL3A1 or fi bronectin, as described. 27 Equivalent amounts of RNA were loaded and RNA loading and transfer were evaluated by probing with glyceraldehyde phosphate dehydrogenase (GAPDH) cDNA. The fi lters were analysed using storage phosphor technology (Image-Quant V.5.1 software; Amersham Biosciences).
Reverse transcription (RT) PCR
Fibroblasts were grown to confl uency and total RNA isolated with TRIzol (Invitrogen). cDNA was synthesised using 1 μg of RNA template with SuperScript II Reverse Transcriptase kit (Invitrogen). Subsequently, PCR was performed with the following primers: for collagen I: forward, 5′-CGCTACTACCGGGCTGATGATGC-3′ and reverse, 5′-CAGGCGGGAGGTCTTGGTGGTTTT-3′; and for GAPDH: forward, 5′-GCGGGGCTCTCCAGAACATCAT-3′ and reverse, 5′-CCAGCCCCAGCGTCAAAGGTG-3′. The PCR products were electrophoresed in 2% agarose gels. The densitometric analysis of DNA bands was performed using EZQuant-Gel program (EZQuant, Tel Aviv, Israel).
Assessment of transcriptional regulation of COL1A1
Transient transfections of normal and NSF fi broblasts were performed employing the FuGene 6 Kit (Roche, Indianapolis, Indiana, USA) as described. 29 Transfections were performed in passage 5 fi broblasts at 80% confl uence with 2.5 μg of each plasmid. COL1A1 transcription was assessed employing deletion constructs of the COL1A1 promoter fused to the chloramphenicol acetyl transferase reporter gene. 30 The constructs examined end at nucleotide +42 to assure transcription in a proper reading frame and their 5' ends are at −174 and −804 bp. Fresh medium was added 4 h later. Cells were harvested 72 h after transfection and chloramphenicol acetyl transferase activity determined. Transfection effi ciency was normalised by co-transfecting 0.2 μg Escherichia coli β-galactosidase cDNA (pCMV β-galactosidase; Clontech, Palo Alto, California, USA) followed by assays of β-galactosidase activity.
Protein DNA arrays for transcriptional factors
Nuclear extracts were subjected to the TranSignal Protein/DNA arrays I and II (Panomics, Redwood City, California, USA) as described. 31 This assay enables the parallel detection and semiquantitative comparison of the DNA-binding activity of 108 different transcription factors from nuclear extracts from two different cell types. Briefl y, biotin-labelled DNA-binding oligonucleotides (TranSignal Probe Mix) were incubated with 10 μg of nuclear extracts at 15°C for 30 min to allow the formation of transcription factor/DNA complexes. The transcription factor/ DNA complexes were separated from the free probes by 2% agarose gel electrophoresis in 0.5×Tris/borate/EDTA at 120 V for 15 min. The probes in the complexes were then extracted, ethanol precipitated and hybridised to the TranSignal protein/ DNA array. Signals were detected using chemiluminescence imaging.
Electrophoretic mobility shift assay for transcription factor binding to the COL1A1 promoter
Normal and NSF cells at passage 5 were cultured in 175 mm fl asks until confl uence. Nuclear extracts were prepared and an electrophoretic mobility shift assay (EMSA) performed as described. 29 A cREL consensus oligonucleotide (Santa Cruz Biotechnology) radioactive probe was prepared by 5′ phosphorylation with polynucleotide kinase (Promega, Madison, Winconsin, USA) and α 32 -ATP (Amersham Biosciences). Nuclear extracts (10 μg),that caldiamide did not cause any stimulation of collagen gene expression in these cells.
Collagen, fi bronectin and hyaluronic acid production in cultured normal and NSF fi broblasts
Dermal fi broblasts from patients with NSF at early passages (4-6) displayed a marked increase in type I and type III collagen, fi bronectin and hyaluronic acid production. The levels of collagen I were about two-to threefold higher, those of collagen III were 3.5-6-fold higher, those of fi bronectin were three-to sevenfold higher and those of hyaluronic acid were four-to fi vefold higher compared with normal fi broblasts (fi gure 2). To examine whether the activated phenotype was maintained after serial subpassages, levels of collagen types I and III, fi bronectin and hyaluronic acid were examined in the same cell lines at passages 9-11. The results showed that the increased production of all molar excess of an unlabelled consensus oligonucleotide (Santa Cruz Biotechnology) were performed. The results were quantifi ed by densitometry (Image-Quant, V.5.1; Molecular Dynamics, Sunnyvale, California, USA).
α-SMA indirect immunofl uorescence
Normal and NSF fi broblasts at passage 9 were seeded on eight-well glass slides, cultured in Dulbecco's modifi ed Eagle's medium, 10% fetal bovine serum until confl uence, then washed three times in phosphate-buffered saline (PBS) and fi xed with 2% paraformaldehyde in PBS for 30 min at room temperature. After fi xation, cells were washed with PBS and permeabilised with PBS containing 0.2% bovine serum albumin (BSA) and 0.1% Triton X-100 at room temperature for 10 min. The slides were then incubated with primary anti-α-SMA antibodies (NeoMarker, Fremont, California, USA) diluted 1:200 in PBS containing 0.2% BSA, 0.1% Triton X-100 for 90 min at room temperature. After three 10 min washes with PBS the slides were incubated with secondary sheep anti-mouse IgG F(ab') Cy3 conjugate (Sigma-Aldrich) diluted 1:200 in PBS containing 0.2% BSA for 60 min at room temperature. After 60 min incubation with secondary antibody, the slides were washed three times for 10 min with PBS, then mounted with Vectashield mounting medium containing 4',6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, California, USA) and visualised by confocal microscopy.
Hyaluronic acid assay
Hyaluronic acid was assayed as described by Homer et al. 32 Stains-all solution was prepared according to a modifi cation of the method of Benchetrit et al 33 employing the stains-all dye (Sigma-Aldrich). Phenol red in culture supernatants was removed by addition of 1 mg activated charcoal followed by centrifugation at 14 000 rpm for 10 min at room temperature. Culture media from one normal and three NSF cell lines at passages 4-6 and 9-11 were assayed in triplicate.
Statistical analysis
Data are shown as means±SEM. An unpaired Student t test was employed for comparing two groups of data with the GraphPad Software. Values of p<0.05 were considered signifi cant.
RESULTS
Treatment of normal fi broblasts with GdBCA
Culture of three cell lines of normal dermal fi broblasts with 5-50 mM Gd-DTPA or Omniscan for 48 h was well tolerated and there was no evidence of cell detachment or cytotoxicity. Assessment of type I collagen production showed that both GdBCA caused an increase in collagen I production. A representative experiment is shown in fi gure 1A and the averages of results for the three cell lines are shown in fi gure 1B,C. There was a ~50% increase in type I collagen production with 10 and 25 mM Gd-DTPA and a 100-150% increase with 10 and 25 mM Omniscan. These results are most remarkable since the cultures were preincubated with ascorbic acid supplementation to optimise their levels of collagen production before being exposed to GdBCA. The effects of the highest concentrations (50 mM) were less pronounced with both compounds, probably refl ecting global inhibition of protein synthesis. To exclude any effects of the excess chelate, caldiamide, present in the preparation of Omniscan examined, similar experiments were performed with caldiamide alone. The results shown in fi gure 1D demonstrated these molecules by NSF dermal fi broblasts was maintained for at least 9-11 passages in vitro when the experiment was terminated (fi gure 2).
Steady-state mRNA levels and transcriptional regulation of COL1A1
Northern hybridisations showed a marked increase in type I and III collagen and fi bronectin steady-state mRNA levels in NSF cells (fi gure 3). To examine whether the increased type I collagen mRNA in the NSF cells was at the transcriptional level we studied the transcriptional activity of two COL1A1 promoter constructs encompassing −804 and −174 bp in transient transfection assays. The results demonstrated signifi cantly higher transcriptional activity driven by both the −804 bp (~50%) and the −174 bp (~250%) constructs in NSF fi broblasts compared with normal fi broblasts (fi gure 4A).
Protein/DNA array and EMSA analysis of nuclear extracts from normal and NSF cells
To identify the transcription factors that may be responsible for the increased transcriptional activity of the COL1A1 promoter we profi led the binding activities of 108 transcription factors from normal and NSF fi broblasts. Figure 4B ,C shows one illustrative experiment. We identifi ed increased cREL, NF1 and CBF (NB. not beta) transcription factor binding (2.6-, 1.9-and 1.4-fold, respectively) in NSF fi broblasts compared with normal fi broblasts. The results were reproduced in two separate array experiments. To confi rm the array data, EMSA analysis was performed with cREL consensus oligonucleotides as probes. A marked increase in cREL binding activity was noted in nuclear extracts from NSF fi broblasts compared with normal fi broblasts (fi gure 4D).
Collagen gene expression in fi broblasts from affected and non-affected NSF skin and α-SMA expression in NSF fi broblasts
Analysis of type I collagen gene expression and production of the corresponding protein in dermal fi broblasts cultured from clinically affected or clinically non-affected skin from one patient with NSF showed that fi broblasts from clinically affected skin produced much greater amounts of type I collagen and displayed a more than twofold increase in the expression of the corresponding gene (fi gure 5A-C). To examine whether fi broblasts cultured from NSF-affected skin displayed an activated myofi broblast phenotype we performed indirect immunofl uorescence for α-SMA in confl uent cultures at passage 9. We observed a marked increase in α-SMA containing cells in the monolayers from NSF dermal fi broblasts compared with normal cells (fi gure 5D). The intracellular organisation of α-SMA showed abundant fi laments and stress fi bres in the majority of cells in the NSF cultures, indicating that these cells were fully differentiated myofi broblasts.
DISCUSSION
NSF is a severe systemic fi brosing disease occurring in patients with renal insuffi ciency in association with the administration of GdBCA. 1 2 10-21 The mechanisms by which GdBCA may result in tissue fi brosis in NSF are not known.
Here we have shown that fi broblasts cultured from affected skin from patients with Gd-associated NSF display a remarkable activation of their synthetic properties with a marked increase in the production of several extracellular matrix macromolecules. We have also shown that many of these cells are fully differentiated myofi broblasts, as indicated by the profound stimulation of expression of α-SMA and the presence of abundant stress fi bres in their cytoplasms. The most remarkable observation was that the activated phenotype was maintained for at least 9-11 sequential passages in culture (when the experiments were terminated) and it is possible that the acquisition of this activated phenotype was a stable phenotypic change. The mechanisms responsible for the acquisition and maintenance of this activated phenotype probably include epigenetic modifi cations caused either directly, by the exposure of fi broblasts to GdBCA, or indirectly, by the action of profi brotic products released from macrophages, lymphocytes, or other infl ammatory cell populations as a result of their interactions with the Gd compounds. The direct fi broblast activation by GdBCA is supported by the studies of Edward et al, 34 who showed that cultures of normal dermal fi broblasts increased their proliferative capacity and displayed increased production and accumulation of hyaluronic acid when cultured with Gd compounds, and by our results showing stimulation of collagen production in normal dermal fi broblasts after in vitro culture with two GdBCA. The possibility of indirect effects of infl ammatory cell products on fi broblasts is supported by our recent studies examining the effects of one GdBCA on human peripheral blood monocytes and the demonstration of potent stimulation of normal human fi broblasts by soluble products released from these cells upon contact with the GdBCA. 35 Although increased production and deposition of collagen in fi brotic diseases can be caused by numerous mechanisms including pre-and post-transcriptional events, the results described here demonstrate that increased transcription of collagen genes is responsible for the fi brotic process in NSF. Numerous wellcharacterised transcription factors have been shown to interact with collagen gene promoters and are implicated in basal as well as cytokine-and growth factor-modulated collagen gene expression. 36 37 In previous studies we demonstrated a marked increase in CBF and Sp1 binding activity in systemic sclerosis fi broblasts compared with normal cells, indicating that these two transcription factors have a role in the development of tissue fi brosis in this disease. 38 39 The studies reported here demonstrate that the transcription factors displaying the highest binding activity in NSF fi broblasts were cREL and NF1. These results are important because they indicate that the molecular mechanisms involved in collagen gene activation in NSF may be distinct from those in systemic sclerosis. Our previous studies showing a remarkable increase in the expression of TGFβ in affected skin from patients with NSF 6 coupled with the marked increase in binding activity of the cREL component of the nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) complex observed here suggest an important interaction between the NF-κB and TGFβ pathways in the development of pathological fi brosis. A previous report showing that NF-κB is a potent inhibitor of TGFβ-induced SMAD7 (inhibitory SMAD) gene expression and promoter activity supports this hypothesis. 40 Of further relevance is the recent evidence indicating that cREL is involved in maturation and normal function of dendritic cells, 41 a population of cells which we and others have shown to be markedly increased in affected NSF tissues. 6 Furthermore, these results suggest that activation of the NF-κB pathway may be involved in the pathogenesis of NSF.
We also demonstrated directly that GdBCA can induce a profi brotic pattern of gene expression in normal fi broblasts and that NSF fi broblasts display a persistently activated phenotype which is ultimately responsible for the severe fi brotic process characteristic of the disease. The activation of fi broblasts represents an acquired event since the elevated collagen production is only seen in fi broblasts cultured from affected skin. This phenotypic change is a stable modifi cation of their cellular behaviour as it is maintained through several subpassages in vitro and is probably mediated by epigenetic mechanisms. Our observations also suggest novel pathways such as the NF-κB pathway by which environmental exposures may be involved in the pathogenesis of idiopathic fi brotic diseases such as systemic sclerosis. 
